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(Squamata: Scincidae: Tribolonotus)
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LA 70803, USA
Abstract
Next-generation sequencing has vast potential to revolutionize the fields of phyloge-
netics and population genetics through its ability to collect genomic scale data sets of
thousands of orthologous loci. Despite this potential, other types of data (e.g. morphol-
ogy, ecology) remain important, particularly for studies endeavouring to delimit spe-
cies. Here, we integrate next-generation sequencing with morphology to examine
divergence between populations of Tribolonotus pseudoponceleti on the islands of
Buka and Bougainville in the Solomon Archipelago. We used the Ion Torrent PGM to
collect over 648 Mbp of sequence data for 12 samples, representing 1526 loci recovered
from all samples, and 3342 were recovered from at least six samples. Genetic structure
analyses strongly support the distinctiveness of these two populations, and Bayes fac-
tor delimitations decisively select speciation between Buka and Bougainville. Principal
components and discriminant function analyses reveal concordant morphological
divergence. Finally, demographic analyses via diffusion approximation and approxi-
mate Bayesian computation prefer a complex model of mid-Pleistocene divergence
with migration, and a later decrease or cessation of migration and population size
shift, suggesting a scenario in which migration was enabled by Pleistocene merging of
these two islands, and limited when isolated by higher sea levels. Further analysis of
four Sanger sequenced loci in IMa2 had limited power to distinguish among models
including and excluding migration, but resulted in similar population size and diver-
gence time estimates, although with much broader confidence intervals. This study
represents a framework for how next-generation sequencing and morphological data
can be combined and leveraged towards validating putative species and testing demo-
graphic scenarios for speciation.
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Introduction
With the rapidly expanding availability of next-genera-
tion sequencing (NGS) technologies capable of collect-
ing genomic data sets of a scale previously restricted to
model systems, and the increasing availability of com-
putation tools capable of analysing the resultant data
sets, these vastly superior new technologies have enor-
mous potential to revolutionize the studies of phyloge-
netics and population genetics through enabling
researchers to obtain far more independently evolving
loci for a much lower cost per base pair of sequence
data (Metzker 2010; McCormack et al. 2012, 2013;
Wagner et al. 2013). These massively multilocus data
sets can be leveraged to elucidate evolutionary patterns
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and processes with unprecedented power and precision
and thus to transform these fields. Several studies have
shown that many evolutionarily important parameters,
such as population size, divergence times and migration
rates, require data sets with large numbers of indepen-
dent loci, of a scale previously restricted to model sys-
tems (Carling & Brumfield 2007). The increasing
application and availability of NGS technologies is
already enabling researchers to disentangle the evolu-
tionary histories of nonmodel systems with increasing
accuracy and robustness, bettering our understanding
of the processes responsible for the generation of
biodiversity.
Despite the ability of NGS to generate large genome-
wide DNA sequence data sets, other types of data, such
as morphological, ecological or acoustic, remain criti-
cally important, particularly in studies endeavouring to
clarify systematics and species limits in complexes of
closely related species (O’Meara 2010; Yang & Rannala
2010; Rittmeyer & Austin 2012). Although species are a
fundamental unit in biology, vital to a wide variety of
disciplines and conservation efforts (Bickford et al.
2007), much contention remains over species concepts
and how to identify and delimit species (Coyne & Orr
2004; De Queiroz 2005, 2007). This controversy is likely
due largely to the complex and gradual nature of specia-
tion and to differences in the processes driving specia-
tion among systems (Coyne & Orr 2004). Dependent on
the specific evolutionary forces acting on a system, mor-
phological data can reveal extremely recent divergences
that may be difficult to distinguish with molecular data
(Lance et al. 2008; Rheindt et al. 2011; McCormack et al.
2012). Alternatively, molecular analyses frequently
reveal previously overlooked lineages that are deeply
divergent yet morphologically similar (Bickford et al.
2007; Arbogast & Kenagy 2008), although subsequent
detailed morphological analyses often reveal subtle
characters that can distinguish among these lineages
identified using molecular data (Burbrink 2001; Pyron &
Burbrink 2009). Identifying these characters facilitates
field studies and conservation efforts through enabling
researchers to identify museum vouchers and specimens
in the field without necessitating laboratory analysis,
thus enhancing the digitization and dissemination of
biodiversity records to scientists and the general public.
Due to variation in the process of speciation, arguably
the most generally applicable species concept is the
general lineage species concept (but see Baum 2009;
Hausdorf 2011; Naomi 2011), which defines species as
independently evolving lineages (Baum & Shaw 1995;
De Queiroz 2005, 2007; Baum 2009). The general lineage
species concept argues that rather than defining species,
other species concepts describe characteristics of species
that evolve as these lineages diverge. In some situations
involving recently divergent lineages, multiple sources
of data may be critical to the accurate delimitation of
species, whereas in other, more diverged systems, fewer
types of data may be necessary. Regardless of the level
of divergence, through combining genomic data col-
lected via NGS with other data sets, the species limits,
as well as the evolutionary patterns and processes
responsible for their generation, can be elucidated more
robustly than either data set alone would accomplish.
Here, we combine morphological data with a genomic
scale data set collected via NGS to examine the diver-
gence between Crocodile Skinks (Squamata: Scincidae:
Tribolonotus) on the islands of Buka and Bougainville.
The Crocodile Skinks of the genus Tribolonotus are a
group of eight species distributed throughout northern
New Guinea and the northern Melanesian islands of
the Admiralty, Bismarck and Solomon Archipelagos
(Cogger 1972; McCoy 2006). The genus is united by the
presence of two peculiar synapomorphies: abdominal
glands, and palmar and plantar pores (Zweifel 1966;
Greer & Parker 1968; McCoy 2006). Tribolonotus is also
unusual among scincid lizards in having strongly
keeled or spinose scales and, in at least two species
(T. gracilis, T. ponceleti), the ability to vocalize (Hartdegen
et al. 2001; McCoy 2006), an ability known from only
one other scincid genus (Nannoscincus, Bauer et al.
2004). In a recent phylogenetic study of the genus,
Austin et al. (2010) found that T. pseudoponceleti from
the islands of Buka and Bougainville in the northwest-
ern Solomon Archipelago are reciprocally monophyletic
and deeply divergent (4.3% divergent at the mitochon-
drial cytochrome B and NADH dehydrogenase subunit
2 loci). This divergence is surprising given the geo-
graphic proximity and geologic history of the islands:
Buka and Bougainville are currently separated by the
Buka Passage, a narrow channel only approximately
300 m in width. Further, the islands were historically
connected multiple times in periods of lower sea levels
during Pleistocene glaciations, including as recently as
the last glacial maximum less than 20 000 years ago,
forming a larger Greater Bougainville Island, along with
the islands of Choiseul and Isabel further to the south-
east in the Solomon Archipelago (Chappel & Shackleton
1986; Mayr & Diamond 2001). While Austin et al. pro-
vided the first molecular evidence of a divergence
between the populations of T. pseudoponceleti from
Bougainville and Buka islands, this study focused on
the deeper level phylogeny and evolution of the genus
Tribolonotus, and did not examine this divergence in
any detail, test for any morphological differences
between these populations or test whether this diver-
gence may represent species-level differentiation. Here,
we combine morphological data with genomic data col-
lected via next-generation sequencing (NGS) to examine
© 2014 John Wiley & Sons Ltd
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this divergence in detail and (i) test whether the Buka
and Bougainville populations represent distinct species,
(ii) examine the demographic history and potential
drivers of divergence and (iii) test for morphological
divergence and diagnosability of the two populations.
We also reanalyze the Sanger data of Austin et al.
(2010) to compare demographic parameter estimates
obtained using a small number of long loci to those
obtained from the genomic data. While T. pseudoponce-
leti is also known from the northwestern tip of Choiseul
Island, Solomon Archipelago, no genetic samples are
available from this island; thus, we here focus
exclusively on examining the divergence between the
populations on the islands of Buka and Bougainville.
Methods
Morphological data and analyses
To test for morphological divergence between the Buka
and Bougainville populations of Tribolonotus pseud-
oponceleti, we examined a total of 39 specimens from
Buka and 115 specimens from 11 populations spanning
Bougainville (1–42 specimens per population, mean
10.5), including the holotype from Kunua, Bougainville
(Fig. 1, Table S1, Supporting information). For each
specimen, eight mensural and eight meristic characters
were scored. Mensural characters included first, third
and fifth finger lengths, first, fourth and fifth toe
lengths, forelimb length and hindlimb length. Meristic
characters included first, third and fifth finger subdigi-
tal lamellae, first, fourth and fifth toe subdigital lamel-
lae, number of enlarged paravertebral scale rows and
number of ventral scale rows.
Principal component analyses (PCAs) were imple-
mented on the mensural and meristic data sets in R ver.
2.15.1 to test for morphological divergences between
Buka and Bougainville populations. Prior to PCAs, all
mensural characters were scaled by snout-vent length
(SVL) to correct for differences in body size among
individuals. To test for morphological diagnosability,
discriminant function analyses (DFAs) were also imple-
mented on the mensural and meristic data sets in R
using the MASS package (Venables & Ripley 2002). As
in PCAs, all mensural characters were scaled by SVL
prior to DFAs.
Next-generation sequencing
One of the biggest challenges with the application of
NGS technology to population genetics studies is the
need to reduce the genome such that numerous ortholo-
gous loci can be sequenced for many individuals (Hird
et al. 2011; McCormack et al. 2012). This can be particu-
larly challenging in organisms with particularly large
genomes, such as salamanders (McCormack et al. 2013;
Gregory 2014); while the genome size of Tribolonotus is
unknown, a related species, Tiliqua scincoides, has a gen-
ome of 1.780 Gb (De Smet 1981; MacCulloch et al. 1996;
Gregory 2014), and other scincid lizards have genomes
ranging from 1.027 Gb in Chalcides mionecton (De Smet
1981; Gregory 2014) to 3.130 Gb in Chalcides occelatus
(Capriglione et al. 1987; Gregory 2014). To accomplish
genome reduction, we applied a double-digest
approach, similar to amplified fragment length poly-
morphism (AFLP) analysis (Vos et al. 1995; McCormack
et al. 2012). Whole genomic DNA was extracted from
liver taken from 12 individuals, including five individu-
als from Bougainville, five individuals from Buka
(Fig. 1, Table S1, Supporting information) and two indi-
viduals of the sister taxon, T. ponceleti, using a Qiagen
DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia,
CA, USA) as per manufacturer’s instructions. Library
preparation protocols largely followed McCormack et al.
(2012), but several modifications were made. First,
digestion and ligation steps were separated: approxi-
mately 250 ng of DNA extracts were completely
digested with EcoRI and MseI restriction enzymes
(New England Biolabs, Ipswich, MA, USA) with 5 units
of EcoRI and 1 unit of MseI in 1X T4 DNA Ligase
Fig. 1 Sampling localities of Tribolonotus pseudoponceleti speci-
mens included in this study. Filled symbols represent speci-
mens included in both molecular and morphological analyses;
open symbols represent specimens included only in morpho-
logical analyses. Squares represent specimens from Buka, cir-
cles represent specimens from Bougainville, and the type
locality of T. pseudoponceleti (Kunua, Bougainville) is shown as
a triangle. Inset images show representatives of the Buka (left)
and Bougainville populations (right).
© 2014 John Wiley & Sons Ltd
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buffer (New England Biolabs), 0.061 mg/mL BSA and
0.056 M NaCl by incubation for 4 h at 37 °C, followed
by 20 min incubation at 65 °C to denature the restric-
tion enzymes. AFLP adapters were then ligated to the
DNA digests by adding 0.091 lM of each adapter (Table
S2, Supporting information) and 20 units of T4 DNA
ligase (New England Biolabs) and incubating at 16 °C
for 4 h. Second, both amplification steps were con-
ducted using Platinum PCR SuperMix High Fidelity
(Invitrogen, Carlsbad, CA, USA) as per manufacturer’s
instructions using the MseI-PreAmp primer and a bioti-
nylated EcoRI-PreAmp primer (Table S2, Supporting
information). Third, due to the shorter read lengths of
the Ion Torrent PGM, amplicons in the 100–160 bp
range were excised from the gel and extracted using a
Qiagen Qiaquick gel extraction kit (Qiagen, Inc., Valen-
cia, CA, USA) as per manufacturer’s instructions, and
gel extracts were purified to isolate biotinylated frag-
ments (i.e. those with EcoRI cut sites) using Dynabeads
MyOne Strepavidin C1 (Invitrogen, Carlsbad, CA, USA)
as per manufacturer’s instructions. Libraries for each
sample were then purified using Agencourt AMPure
XP beads (Agencourt Bioscience, Beverly, MA, USA) as
per manufacturer’s instructions, quantified at two or
more dilution points per sample, and six samples were
pooled into each of two equimolar libraries. Emulsion
PCR was then applied on each library to amplify library
DNA onto Ion Particle Spheres using an Ion OneTouch
Template Kit as per manufacturer’s instructions,
enriched and sequenced using 316 chips on an Ion
Torrent PGM. All primer and adapter sequences are
provided in the Appendix (Table S1, Supporting infor-
mation).
Locus and allele calling
Sequence reads from each 316 chip were initially pro-
cessed using the Ribosomal Database Project Pyrose-
quencing Initial Process (Cole et al. 2009) to sort reads
by barcode and filter out reads with a length below
50 bp or with a minimum quality score of below Q20.
The PRGmatic v1.6 pipeline (Hird et al. 2011) was then
used to identify orthologous DNA sequences (hereafter
referred to as ‘loci’) and call alleles. A minimum thresh-
old of 109 coverage was applied to call high confidence
alleles, and the PRGmatic default setting of 90% iden-
tity was used to call loci. Minimum coverage for calling
consensus sequences in an individual was set to 109,
and the minimum coverage for calling a single nucleo-
tide polymorphism (SNP) in an individual was 59.
Muscle ver. 3.8.31 (Edgar 2004) was then used to align
the identified loci. As the threshold of 90% identity for
calling loci may result in paralogous loci being
combined as a single locus, we examined all loci for
multiple (>2 bp) SNP calls at a single site for an indi-
vidual. Any loci where at least one individual had
>2 bp (including gaps) at a single position in either
>5% of the total reads for that locus or in >3 reads total
were discarded as potentially paralogous.
Genetic structure analyses
We examined the structure of the populations using
genetic clustering algorithms implemented in Structure
(Pritchard et al. 2000; Falush et al. 2003) and Structura-
ma (Huelsenbeck & Andolfatto 2007; Huelsenbeck et al.
2011). While both programs apply the same algorithm
to attempt to maximize Hardy–Weinberg equilibrium
and minimize linkage disequilibrium by clustering the
samples into populations, Structurama has the added
benefit of implementing a Dirichlet process prior to esti-
mate the number of clusters and the assignments of
individuals to clusters simultaneously (Huelsenbeck &
Andolfatto 2007). However, both Structure and Structu-
rama assume that loci are unlinked allelic markers and
thus require the coding of each locus as alleles or the
calling of a single SNP from each locus obtained from
the NGS runs. We prefer the method of coding the
alleles at each locus as integers because it results in less
loss of data than calling a single SNP from each locus,
although both approaches result in the loss of genetic
distance information among alleles. We used a custom
python script, seq2struct, to collapse each NGS locus to
alleles coded as integers and to prepare the input files
for both Structure and Structurama. This and all subse-
quent custom scripts are available via the Dryad reposi-
tory, doi: 10.5061/dryad.87550. Three sets of analyses
were run, all of which included all 12 individuals, but
varied in their completeness and the number of loci:
one including only those loci sequenced in all 12 indi-
viduals (i.e. no missing data), one including all loci
sequenced in at least nine of the 12 individuals (i.e.
including all 12 individuals and all loci included in the
previous data set, but allowing for some missing data
to include loci sequenced in nine, 10 or 11 individuals)
and a third including all loci sequenced in at least six
of the 12 individuals (i.e. including all 12 individuals
and all loci included in the previous two data sets, but
allowing for missing data to include loci sequenced in
six, seven or eight individuals).
Structure analyses were implemented in Structure
ver. 2.3.4 and consisted of 20 replicates at each value
for K (the number of clusters) from one to ten. Each run
consisted of a burnin of 1 9 105 iterations, followed by
a sampling period of 1 9 105 iterations, sampling every
100 iterations, with correlated allele frequencies and all
other parameters set to default values. To estimate the
optimal number of clusters, the ΔK statistic (Evanno
© 2014 John Wiley & Sons Ltd
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et al. 2005) was calculated using Structure Harvester
(Earl & VonHoldt 2012), and the estimated ln probabil-
ity of the data, ln Pr(D|K), was examined. Several addi-
tional, longer runs were also conducted with a burnin
of 5 9 105 iterations and a sampling period of 1 9 106
iterations at a variety of values of K. These longer runs
resulted in similar values of likelihood, ln Pr(D|K), and
cluster assignments as the shorter runs, thus the full 20
replicates for each value of K were only conducted for
the shorter runs.
To further examine the population structure within
T. pseudoponceleti, we used Structurama to implement
the Dirichlet process prior in estimating the number of
clusters and cluster membership. A variety of prior dis-
tributions on the a parameter of the Dirichlet process
prior, which controls the probability of two samples
being assigned to the same cluster and thus impacts the
number of clusters inferred, were tested, including an
exponential distribution with a fixed prior mean num-
ber of populations, with the mean number of popula-
tions set to one through five and three gamma
distributions: G~(1.0,1.0), G~(2.5,0.5) and G~(0.5,2.5),
selected based on a series of preliminary analyses and
to provide a broad range of prior distributions on the
number of populations. For all eight prior distributions
on the a parameter, analyses were conducted for each
of three data sets, as in the Structure analyses: loci
sequenced from all twelve samples, loci sequenced in at
least nine samples and loci sequenced in at least six
samples. Structurama analyses were run for 1.5 9 106
iterations, sampling every 100 iterations, with the first
5000 samples discarded as burnin. All other priors were
left at default values.
Species delimitation using Bayes factors
To test between the two competing species delimitation
hypotheses (i.e. two species: T. ponceleti, Buka + Bou-
gainville vs. three species: ponceleti, Buka, Bougainville)
in a species coalescent framework, we used Bayes fac-
tors to compare the species trees estimated under each
of these models in SNAPP (Bryant et al. 2012; Leache
et al. 2014). SNAPP requires biallelic SNP data and
assumes that all SNPs are unlinked (Bryant et al. 2012);
thus, we used a custom python script, biSNPcaller to
select the first biallelic SNP from each locus. We tested
the impact of a variety of prior distributions on each
parameter, including Gamma (2, 2), Gamma (2, 10) and
Gamma (2, 100) distributions on the mutation rate
parameters, an improper infinite uniform (0, ∞), and a
uniform (0, 1e5) distribution on the Yule speciation rate,
and a Gamma (2, 100), Gamma (2, 1000), Gamma
(2, 10 000) on theta in a series of preliminary runs,
selected based on previous studies (Leache et al. 2014;
Rheindt et al. 2014) and to provide a range of possible
prior distributions. Prior distributions on the mutation
rate and Yule speciation rate parameters had no impact
on the resultant posterior probability, likelihood, or
parameter estimates (results not shown), so default set-
tings we retained for each of these priors. Selection of
prior distribution on theta, however, substantially
impacted the results: smaller prior means resulted in
smaller estimated population sizes and shallower diver-
gences. Therefore, full analyses were run under each of
the three aforementioned priors on theta. Similar to the
Structurama analyses, SNAPP analyses were conducted
on three data sets: one including only those loci
sequenced in all 12 samples, one including all loci
sequenced in at least nine of the 12 samples and a third
including all loci sequenced in at least six of the 12
samples. Marginal likelihoods were estimated via path
sampling (Lartillot & Philippe 2006) in BEAST ver. 2.1.0
(Bouckaert et al. 2013) with the SNAPP ver. 1.1.4
(Bryant et al. 2012) and BEASTii ver. 1.1.0 add-ons,
which implements the proportionality constant correc-
tion described by Leache et al. (2014) to make marginal
likelihoods estimated under different species delimita-
tion models comparable. Each path sampling analysis
included 48 steps, each consisting of 1 9 105 genera-
tions, the first 10% of which were discarded as burnin,
which was sufficient to obtain suitable effective sample
sizes (>200). Bayes factors were then calculated as
2 9 ln BF, where BF is the ratio of the marginal likeli-
hoods for the two competing models (i.e. twice the dif-
ference in the log marginal likelihood), and evaluated
following the framework of Kass & Raftery (1995). We
subsequently estimated the species trees and relevant
evolutionary parameters (effective population size,
divergence times) in SNAPP (i.e. without path sam-
pling) for each of the data sets and priors under the
preferred species delimitation model. Analyses were
run for 2 9 106 iterations, sampling every 1000 itera-
tions, the first 10% of which were discarded as burnin.
Demographic model selection using genomic data
The fitting of demographic models, such as isolation
with migration (IM) class models, represents a powerful
method for comparing among evolutionary hypotheses
and thus for testing for the importance of various evo-
lutionary parameters, such as migration or population
size changes (Hey & Nielsen 2007; Carstens et al. 2009;
Hey 2010; Sousa & Hey 2013). The size of data sets
obtained via NGS makes full Bayesian implementation
of demographic models computationally unfeasible, and
the short read lengths obtained by some methods pre-
clude gene genealogy-based analyses. However, the
large number of loci obtained also enable comparisons
© 2014 John Wiley & Sons Ltd
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among more complex, and potentially more realistic,
models, using alternative methods that are more com-
putationally efficient, such as diffusion approximation
of allele frequency spectra (Gutenkunst et al. 2009) or
approximate Bayesian computation (Beaumont et al.
2002; Csillery et al. 2010).
During Pleistocene glacial cycles, the islands of Buka
and Bougainville repeatedly enlarged and merged dur-
ing glaciations and shrunk and separated during inter-
glacials (Chappel & Shackleton 1986; Shackleton 1987;
Chappell et al. 1996). As the mitochondrial divergence
suggests a more ancient divergence between the Buka
and Bougainville populations than the last glacial maxi-
mum (LGM), we hypothesize that these populations
may have diverged during an early interglacial, with
some migration potentially occurring between the pop-
ulations during later glacial cycles. Due to the more
recent decrease in island area and isolation of the
islands since the LGM, we further hypothesize that
these populations may have experienced a shift in pop-
ulation size and migration rate later in their evolution.
We test among nine models of the demographic history
for these populations, varying from the simplest model
of no divergence between Buka and Bougainville, to the
most complex model, including a shift in the popula-
tion sizes of, and migration rates between, Buka and
Bougainville subsequent to their divergence (Fig. 2, Fig.
S1, Supporting information). To compare among these
models, we use two approaches: diffusion approxima-
tion of the allele frequency spectrum (AFS) and approx-
imate Bayesian computation (ABC).
Diffusion approximation of the AFS was implemented
in oaoi v. 1.6.3 (Gutenkunst et al. 2009). oaoi requires bi-
allelic SNP data, thus, as for the SNAPP analyses, we
used a custom python script, biSNPcaller, to identify the
first biallelic SNP in each locus. Five search replicates
were conducted for each model and compared using
the Akaike information criterion (AIC). We then esti-
mated confidence intervals from 100 nonparametric
bootstrap replicates of the best fit model. All parameters
are, by definition, positive; therefore, we used log-
transformed parameters to estimate confidence intervals
(i.e. e(ln(h*)  1.96*ln(r)), where h* is the maximum-
likelihood estimate, and r is the standard deviation
of the bootstrap replicates), following Gutenkunst
et al. (2009).
ABC analyses consist of simulating a number of data
sets under the models of interest and calculating a suite
of summary statistics for each simulated data set (Beau-
mont et al. 2002; Csillery et al. 2010). A set of simulated
data sets with summary statistics most similar to the
observed summary statistics are then accepted as an
approximation of the Bayesian posterior distribution
and can be used to assess model support and parameter
values. To test among the nine demographic models
using ABC, we used a custom python script to simulate
two million data sets for each model (18 million total)
and calculate a suite of summary statistics for each sim-
ulated data set using msABC (Pavlidis et al. 2010). The
number of loci and the lengths of each locus in the sim-
ulated data sets were equivalent to the number and
lengths of loci sequenced for all 12 individuals in the
empirical data set, with ten alleles simulated for each of
the Buka and Bougainville populations (i.e. five diploid
individuals each) and four alleles for the sister taxon,
T. ponceleti (i.e. two diploid individuals). Model param-
eters for the simulations were sampled from uniform
prior distributions, with limits set based on the results
of oaoi and SNAPP analyses, as well as through a series
of preliminary simulations examining the similarity
between the resultant simulated summary statistics vec-
tor and the observed summary statistics (Fig. S2, Sup-
porting information). The upper limit of the divergence
time parameters was set to twice the upper limit of the
95% confidence interval on divergence time from oaoi
(1.21076 N0 generations). Using this upper limit, the
divergence time of the Buka and Bougainville popula-
tions, t1, was sampled from a uniform prior distribution
of 0–2.4215 N0 generations; the divergence time of
T. ponceleti from T. pseudoponceleti, t2, was sampled from
a uniform prior distribution of t1 to 2.4215 N0 genera-
tions, thus constraining the Buka and Bougainville pop-
ulations to sister taxa (i.e. with a more recent
divergence than T. ponceleti from T. pseudoponceleti). The
time of the shift in population size and migration rate











Fig. 2 Schematic of the most complex demographic model
(model 9) assessed in oaoi and ABC analyses. Note that popu-
lation sizes following the shift at time T3 are not constrained
to be smaller than population sizes prior to the shift; similarly,
migration rates were allowed to increase or decrease at the
shift. For details of additional demographic models tested, see
Fig. S1 (Supporting information).
© 2014 John Wiley & Sons Ltd
NGS AND MORPHOLOGY REVEAL SPECIATION 471
within the Buka and Bougainville populations was sam-
pled from a uniform prior distribution of 0 to t1, thus
constraining this to occur more recently than the diver-
gence between these populations. The population size
parameters, h, for each extant and ancestral population
were sampled independently from a uniform prior dis-
tribution, with a lower limit of 0, and an upper limit
equal to the maximum upper limit of the 95% highest
posterior density (HPD) interval on theta from the
SNAPP analyses (0.012013 in units of 4N0l). Due to the
breadth of the confidence intervals on the migration
rate parameters in oaoi, we set the upper limit on these
parameters to four times the largest maximum-likeli-
hood estimate (7.8869 in units of 4N0 m), as this
resulted in a more reasonable prior distribution that still
included the entirety of the confidence intervals for
three of the four migration rate parameters, and much
of the confidence interval for the fourth parameter.
Migration parameters were sampled from uniform prior
distributions of 0–31.5478, in units of 4N0 m, where N0
is the ancestral population size, and m is the proportion
of the population composed of new migrants each gen-
eration. A suite of 50 summary statistics were calculated
for the empirical and each simulated data set using
msABC including the mean and variance across all loci
for the following: number of segregating sites, p, and hw
for the complete data set and for each population, total
Fst, and, pairwise across all three pairs of populations
(Buka + Bougainville, Buka + T. ponceleti, Bougain-
ville + T. ponceleti), shared alleles, private alleles, fixed
differences and Fst. Multinomial logistic regression was
implemented using the abc package (Csillery et al. 2012)
in R to perform the model selection step with a toler-
ance of 5.55 9 105 to retain 1,000 simulated data sets.
We then increased the number of simulations for the
best fit model to 5 9 106 total and applied local linear
regression using the abc package in R to estimate
parameters using a tolerance of 2 9 104 to retain 1000
simulated data sets. For each parameter, the geometric
mean was estimated in R using the psych package (Rev-
elle 2012), and the 95% HPD intervals were calculated
in R using the coda package (Plummer et al. 2005).
The accuracy of ABC analyses is highly dependent
on the correlation of the summary statistics used with
the parameters of interest and their utility in discern-
ing among the models being tested, as well as on the
selection of appropriate prior distributions that result
in simulated data sets with comparable summary sta-
tistics to the empirical values (Beaumont et al. 2002;
Csillery et al. 2010). To assess the appropriateness of
the selected prior distributions in generating similar
summary statistics, we applied PCA in R and plotted
the first two principal components to visualize whether
the empirical values fell within the cloud of values
from the simulated data sets. To validate the accuracy
of ABC model selection and parameter estimation, 100
simulated data sets were selected at random for each
of the nine models and used as pseudo-observed data
for model selection and parameter estimation rejection
steps.
No useful fossils are available to calibrate the demo-
graphic parameter estimates; therefore, we converted
the raw parameters estimated from both the oaoi and
ABC analyses to more biologically meaningful units
using a relative substation rate calculated from available
estimates of mitochondrial substitution rates. Rates of
mitochondrial substitution in related squamate reptiles
range from approximately 0.01 to 0.02 substitutions/
site/million years (Brown & Pestano 1998; Malhotra &
Thorpe 2000; Carranza & Arnold 2003; Poulakakis et al.
2005; Jackson & Austin 2010, 2012); therefore, we use an
estimated rate of 0.015 substitutions/site/million years
to calculate a relative substitution rate for the NGS data.
Nucleotide diversity, p, was calculated for each NGS
locus and for the mitochondrial sequence data. We
averaged p across all NGS loci and used the NGS p/
mtDNA p ratio to scale the estimated mitochondrial
substitution rate and calculate a relative substitution
rate for the NGS loci, which was then used to calibrate
the demographic parameters.
Demographic modelling using Sanger data
To compare the demographic parameter estimates to
estimates based on a small number of longer loci col-
lected via Sanger sequencing, we obtained two mito-
chondrial and three nuclear gene regions (i.e. four
independent loci) previously sequenced for each of the
12 samples from GenBank (Austin et al. 2010; Table S3,
Supporting information). Haplotypes at the nuclear loci
were resolved using Phase ver. 2.1 (Stephens et al. 2001;
Stephens & Donnelly 2003). We then fit the standard
isolation with migration models to this Sanger data set
in IMa2 (Hey 2010), using the estimated mitochondrial
substitution rate of 0.015 substitutions/site/million
years. Due to the limitations of the IMa2 program, and
the small size of the data set, the more complex models
involving shifts in migration rate and population size
subsequent to the divergence of the Buka and Bougain-
ville could not be tested. Therefore, we focused only on
the standard isolation with migration model and the
related submodels involving limiting migration between
these populations. After a series of shorter preliminary
runs to assess the optimal prior distributions and heat-
ing strategy, full analyses were run using 10 chains
with a geometric heating model (heating terms h1 = 0.9,
h2 = 0.85) for 10 million iterations, sampled every 100
iterations, following a burnin period of 1 million
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iterations. The resultant 100 000 posterior samples were
then used in the ‘load genealogies mode’ to calculate
the maximized posterior density function (log(P)) for
the full isolation with migration model and four sub-
models: symmetrical migration, unidirectional migra-
tion (Buka to Bougainville and Bougainville to Buka)
and no migration (i.e. pure isolation). The AIC and
related information theoretic statistics (ΔAIC, Akaike
weight, evidence ratio) was then used to compare among
the demographic models as in Carstens et al. (2009).
Results
Morphological analyses
Principal components analysis of the mensural data
reveals a trend towards differentiation between Buka
and Bougainville, although the clusters do broadly
overlap (Fig. 3a). Specimens from Buka exhibit slightly
lower values for the first principal component (82.1% of
variation), which corresponds to shorter limbs relative
to body length, but the Buka and Bougainville popula-
tions show no substantial differentiation on any other
principal components axes. Discriminant function
analyses of the mensural data further substantiate this
trend of differentiation of the Buka and Bougainville
populations based on mensural data: 105 of 114 speci-
mens (92.11%) examined from Bougainville are correctly
classified and 37 of 39 specimens (94.87%) examined
from Buka are correctly classified based on the mensu-
ral data. Meristic data reveal far greater differentiation
and diagnosability of the Buka and Bougainville popu-
lations. PCA of meristic data (Fig. 3b) shows the popu-
lations are primarily differentiated along the first
principal component axis (68.9% of variation), with
specimens from Bougainville exhibiting larger values,
that corresponds both to a larger number of ventral
scale rows, and a larger number of subdigital lamellae.
DFA based on the meristic data also reveals the diag-
nosability of the Buka and Bougainville populations:
111 of 114 specimens from Bougainville are correctly
classified (97.37%), and 37 of 39 specimens from Buka
are correctly classified (94.87%).
Next-generation sequencing
The two Ion Torrent PGM 316 chips resulted in a com-
bined 6.45 million reads, or 648.13 MB of sequence data,
of which 486.28 MB had an estimated quality score of
Q20 or above. After parsing reads by barcoded sample
and filtering out low-quality reads, and those with
ambiguous bases or errors in the barcode or forward
primer sequences, the NGS experiments resulted in an
average of 255 748 reads per individual (range 194 980–
314 946). A total of 6983 loci were identified using the
PRGmatic pipeline, of which 1526 loci were sequenced
from all 12 individuals (mean coverage 62.27  49.03
reads per locus per individual), 2608 were sequenced in
at least nine individuals (mean coverage 50.09  46.61
reads per locus per individual), and 3342 were
sequenced in at least six individuals (mean coverage
43.21  44.66 reads per locus per individual). The data
sets including loci sequenced in at least nine individuals
were 93.57% complete, whereas those with loci
sequenced in at least six individuals were 85.80% com-
plete. Of the 1526 loci sequenced in all 12 individuals,
1002 (65.66%) were variable; 1703 loci of the 2608
sequenced in at least nine individuals (64.99%) were
variable; and of 3342 loci sequenced in at least six indi-
viduals, 2135 (63.61%) were variable. Among the loci
recovered in all 12 individuals, 941 included at least one
biallelic SNP and were thus useful for SNAPP and oaoi
analyses; 1590 loci recovered in at least nine individuals
had at least one biallelic SNP, and 1973 loci recovered in
at least six individuals had biallelic SNPs. Among the
loci recovered in at least six individuals, the mean num-
ber of segregating sites was 0.994 (range: 0–9).
Genetic clustering analyses
With the complete data set of loci sequenced for all 12



















(a) (b) Fig. 3 Scatterplots of the first two princi-
pal components of the morphological
data based on (a) mensural characters
and (b) meristic characters. Dark grey
squares indicate Buka specimens, and
light grey circles indicate Bougainville
specimens. The holotype is shown as a
light grey triangle.
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K = 3 (Fig. S3, Supporting information). ΔK peaked at
K = 2 (ΔK = 582.54), with a slightly lower peak at K = 3
(ΔK = 487.60); for all other tested values of K, ΔK was
less than 3.27. With K = 2, the two clusters corre-
sponded to T. ponceleti and T. pseudoponceleti with all
samples assigned to the appropriate cluster with proba-
bility 1.0 (Fig. 4a). With K = 3, the three clusters corre-
sponded to Bougainville, Buka and T. ponceleti, with 11
of the 12 samples assigned to the appropriate cluster
with probability of 0.999 or greater (Fig. 4b). The
twelfth sample, from Buka, had an admixed assign-
ment, with probability 0.907 to the appropriate cluster,
and probability 0.093 to the Bougainville cluster. Struc-
ture results were similar when including all loci
sequenced for at least nine individuals: ln Pr(D|K)
peaked at K = 3, whereas ΔK peaked at K = 2
(ΔK = 474.54), with a slightly lower peak at K = 3
(ΔK = 321.50); for all other tested values of K, ΔK was
less than 6.72. Population assignment probabilities were
identical to those obtained with the data set of loci
sequenced for all 12 individuals. With the data set of
loci sequenced in at least six individuals, both the ln Pr
(D|K) and ΔK peaked at K = 3 (ΔK = 420.93), with a
slightly lower peak for ΔK at K = 2 (ΔK = 321.65); for
all other tested values of K, ΔK was less than 3.57. As
with the other, more complete data sets with fewer loci,
the three clusters corresponded to the Buka, Bougain-
ville and T. ponceleti populations; 11 of the 12 individu-
als were assigned to the appropriate cluster with
assignment probability greater than 0.999, with the final
sample, an individual from Buka, assigned to the
appropriate cluster with probability 0.900, and with
probability 0.100 to the Bougainville cluster.
When examining genetic clustering with the
implementation of the Dirichlet process prior to
estimate K in Structurama, the posterior probability was
1.00 for K = 3, and 0.00 for all other values of K, regard-
less of the data set used (i.e. loci sequenced in all 12
individuals, those sequenced in at least nine individuals
or those sequenced in at least six individuals), or the
selection of prior distribution on the a parameter of the
Dirichlet process prior. As with the Structure analyses,
these three clusters corresponded to T. ponceleti, and the
Buka and Bougainville populations, with all samples
assigned appropriately.
Species delimitation using Bayes factors
Divergence times and effective population sizes were
sensitive to the selection of prior on theta: the prior dis-
tributions with smaller means resulted in smaller esti-
mated population sizes and shallower divergences
(Table S4, Supporting information). However, other
parameters, likelihoods and posterior probabilities were
not sensitive to prior selection. Similarly, selection of
the prior on theta had a negligible impact on the esti-
mation of marginal likelihood. Regardless of the data
set used (i.e. complete data set, loci recovered from
9 + individuals or loci recovered from 6+ individuals),
the Bayes factors strongly favoured the three species
model (i.e. ponceleti, Buka, Bougainville; Table 1). This
pattern was strongest in the largest data set (i.e. loci
recovered from 6+ individuals); however, the smallest
data set (including only loci recovered from all 12 indi-
viduals), the Bayes factors were over 1480 in favour of
the three species model (Table 1). Bayes factors in
excess of 10 are typically considered decisive support
for a model over the alternative; thus, these results
strongly support the treating of Buka and Bougainville
as distinct species. Estimated population sizes and
divergence times from the full analyses without path
sampling are presented in Table S4, Supporting
information.
Demographic model selection using genomic data
oaoi analyses of the AFS strongly support model 9,
including population size changes and shift in migra-
tion rates subsequent to the divergence between the
Buka and Bougainville populations, as the best fit to the
data, and encompassing 0.985 of the AIC weight
(Table 2). Model 5, including a population size change
and a stop of migration subsequent to the divergence
between the Buka and Bougainville populations, was
the next best fit model; however, this model was a sub-
stantially worse fit to the data, including only 0.011 of





Fig. 4 Plots of cluster assignments for all samples from Struc-
ture analyses of the 1526 loci sequenced in all twelve individu-
als, produced using distruct ver. 1.1 (Rosenberg 2003) with
(a) K = 2 and (b) K = 3.
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relative to model 9. All remaining models had AIC
weights of below 0.0016, and evidence ratios in excess
of 645, suggesting the other tested models were a far
worse fit to the data. Maximum-likelihood parameter
estimates suggest the initial divergence between Buka
and Bougainville occurred 0.91 (0.57–1.46) Ne genera-
tions ago, while the divergence between these popula-
tions and T. ponceleti occurred 1.35 (0.75–2.42) Ne
generations ago (Table S5, Supporting information).
Based on the estimated relative substitution rate of the
NGS loci, these estimates correspond to divergences
occurring approximately 0.84 (0.53–1.33) million years
before present (Mya) and 1.23 (0.67–2.22) Mya, respec-
tively (Table 3). Parameter estimates further suggest
that migration rates were moderate between the Buka
and Bougainville populations immediately after diver-
gence (3.943 from Buka to Bougainville, 1.180 from Bou-
gainville to Buka, in units of 2N0 m, where N0 is the
ancestral effective population size, and m is the propor-
tion of each population made up of migrants each gen-
eration), with a substantial decrease in migration
subsequently (0.251 and 0.613, respectively; Table 3).
Confidence intervals on migration rates, however, were
extremely broad, particularly for migration rates prior
to the shift (Table 3, Fig. 5).
The plot of the first two principal components of the
summary statistics reveals that the observed summary
statistics fall well within the cloud of summary statistics
generated by the simulated data (Fig. S2), indicating
that the selected prior distributions are appropriate for
producing summary statistic vectors comparable to
those observed in the empirical data. Pseudo-rejection
analyses using simulated summary statistics suggest
that, with the exception of model 1 (no divergence
between Buka and Bougainville), the summary statistics
were generally insufficient to distinguish among models
(Table S6, Supporting information). Model 1 was cor-
rectly identified with the highest posterior probability
in 93% of cases, and in 76% of the replicates, model 1
was correctly identified with moderate support (poster-
ior probability >0.75). Among the remaining models,
the correct model had the highest posterior probability
in only 37.4% of replicates, and in only six of the 800
total replicates did the correct model receive moderate
support. Replicates in which the model with the maxi-
mum posterior probability was incorrect typically
involved difficulty in distinguishing between the mod-
els with no migration (i.e. model 2 or model 3), or
among models involving migration (i.e. models 4–9),
although models in which migration stopped
Table 1 Marginal likelihoods and Bayes factors estimates from SNAPP analyses. Positive Bayes factors indicate support for the three
species model
Data set Prior Marg. Like. 2 sp Marg. Like. 3 sp Bayes Factor
Complete G(2,100) 7010.6282 6260.9169 1499.4226
Complete G(2,1000) 7006.0223 6256.3510 1499.3425
Complete G(2,10000) 7014.2807 6270.9888 1486.5837
9 + Ind G(2,100) 10745.5990 9618.7450 2253.7081
9 + Ind G(2,1000) 10740.7585 9613.6024 2254.3123
9 + Ind G(2,10000) 10755.0155 9619.2605 2271.5099
6 + Ind G(2,100) 12305.0442 10847.0262 2916.0360
6 + Ind G(2,1000) 12298.1805 10846.2591 2903.8428
6 + Ind G(2,10000) 12313.3828 10867.6151 2891.5353
Table 2 Information theoretic statistics of demographic model selection via Akaike information criterion from oaoi analyses
Model K lnL AIC ΔAIC wi Emin,i
Model 9 13 449.368 924.736 0.000 0.985 1.000
Model 7 11 455.855 933.711 8.974 0.011 88.871
Model 5 9 459.840 937.679 12.943 1.524E-03 646.433
Model 3 8 460.933 937.866 13.130 1.388E-03 709.695
Model 8 11 458.769 939.539 14.803 6.014E-04 1638.215
Model 6 11 459.634 941.269 16.533 2.532E-04 3890.720
Model 2 6 480.319 972.637 47.901 3.908E-11 2.521E+10
Model 4 9 480.038 978.076 53.340 2.576E-12 3.825E+11
Model 1 3 1320.474 2646.947 1722.211 <1E-15 >1E15
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subsequent to the divergence (model 5 or model 7)
were difficult to distinguish from either isolation mod-
els or isolation with migration models (Table S6, Sup-
porting information). However, when the model was
not identified correctly, all models generally received
poor support, and in only a single replicate did an
incorrect model have posterior support greater than
0.75, thus suggesting that when the posterior probabil-
ity strongly supported a single model, this was typically
the correct model. Parameter estimation using pseudo-
observed data performed better, with 97.8% of the repli-
cates including the true value within the 95% HPD
intervals, and 68.1% of replicates including the true
value within a single standard deviation of the geomet-
ric mean (Table S7, Supporting information). However,
95% HPD intervals for most parameters included the
majority of the prior distribution, although with smaller
variance.
ABC analyses of the empirical data resulted in a high
posterior probability for model 7 (PP = 0.9043), which
includes a shift in population size and cessation of
migration subsequent to the divergence of Buka and
Bougainville. Model 9, involving a shift in population
size and in migration rate subsequent to the divergence
of Buka and Bougainville, also received some limited
posterior support (PP = 0.0957); the remaining models
received little support, with posterior probabilities less
than 0.0001. Similar to the pseudo-observed data,
parameter estimation resulted in broad 95% HPD inter-
vals and posterior distributions similar in width to, but
more tightly clustered than, prior distributions (Fig. 5,
Fig. S4, Supporting information). ABC analyses estimate
divergence times similar to those estimated in the oaoi
analyses: 0.73 (0.11–2.18) Ne generations ago between
Buka and Bougainville and 1.42 (0.55–2.42) Ne genera-
tions ago between these populations and T. ponceleti
(Table S5, Supporting information). Using the mitochon-
drial calibration rate, these correspond to 0.67 (0.098–
2.00) Mya and 1.30 (0.50–2.21) Mya, respectively
(Table 3). Estimates of the migration rate parameters,
Table 3 Demographic parameter estimates and 95% HPD intervals (ABC, IMa2) or 95% confidence intervals (oaoi) from ABC and
oaoi analyses of NGS data and IMa2 analysis of Sanger data. Divergence times (T) are given in years, and population size estimates
(N) are provided as number of individuals. Relative population size estimates from oaoi analyses were calibrated using the estimated
ancestral population size from ABC analyses. Migration rate parameters (m) are provided in units of 2Nem. See Fig. 2 for details of
parameters
ABC oaoi IMa2
T1 1,300,520 1,233,513 2,560,041
(503,200–2,213,182) (686,373–2,216,661) (818,693–4,665,252)
T2 669,347 836,958 1,323,554
(98,132–1,998,519) (525,719–1,332,468) (250,156–3,534,026)








N2a 523,069 276,026 (26,640–649,107)
(5,599–1,855,487) (43,146–1,766,219)
N3 248,499 189,795 627,015
(1,169–746,915) (120,376–299,216) (113,707–3,784,832)
N12 656,649 16,233 860,928
(75,675–1,868,975) (1,831–143,292) (0–30,489,829)








m21a 11.6862 3.9435 (0.00–1.142)
(0.4857–29.6822) (0.0364–426.8419)
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however, were difficult to assess via ABC analyses and
yielded posterior distributions similar to the prior dis-
tributions (Fig. S4, Supporting information).
Demographic modelling using Sanger data
The maximized posterior density function estimates
(log(P)) from IMa2 were highly similar among the five
models tested (Table 4); thus, the AIC supported the
least parameter-rich model of pure isolation with no
migration between Buka and Bougainville. However,
the largest difference in AIC score among the models
was 4.0, and the relative model probabilities (AIC
weights) were all in excess of 0.13, indicated limited
support for the simplest model over the alternatives.
Demographic parameter estimates from IMa2 analyses
were similar to those based on the NGS data, through
generally with much broader confidence intervals, par-
ticularly for divergence times, and population sizes of
T. ponceleti and the ancestral populations (Fig. 5,
Table 3). The divergence between the Buka and Bou-
gainville populations was estimated as 0.51 (0.096–1.36)
Ne generations, or 1.32 (0.25–3.53) Mya, while the diver-
gence between T. ponceleti and these populations was
0.99 (0.32–1.80) Ne generations, or 2.56 (0.82–4.67) Mya
(Table 3, Table S5, Supporting information). Based on
the full isolation with migration model, IMa2 analyses
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Fig. 5 (a) Posterior probabilities of demographic models estimated via ABC. Dark grey indicates model 7, and light grey indicates
model 9. All other models had posterior probabilities <0.0001. (b) Estimated effective population sizes, in millions of individuals. (c)
Estimated timing of demographic events in millions of years: T1 is the divergence of ponceleti and Buka + Bougainville, T2 is the diver-
gence of Buka and Bougainville, and T3 is the timing of the shift in population size and migration rates. (d) Estimated migration rates,
in units of 2N0mij, from Bougainville to Buka (m12) and Buka to Bougainville (m21). For sections b–d, error bars indicate the limits of
the 95% confidence intervals (oaoi analyses) or the 95% HPD intervals (ABC, IMa2 analyses). *The upper limit on effective population
size for the common ancestor of Buka + Bougainville (pseudopon.) based on IMa2 analyses was 30 489 829 individuals.
Table 4 Information theoretic statistics for demographic model selection via Akaike information criterion from IMa2 analyses of San-
ger data
Model K log(P) AIC ΔAIC wi Emin,i
No Migration 7 1.271 16.542 0.000 1.000 1.000
Migration Buka to Boug. Only 8 1.271 18.542 2.000 0.368 2.718
Symmetrical Migration 8 1.799 19.598 3.056 0.217 4.609
Migration Boug. to Buka Only 8 1.914 19.828 3.286 0.193 5.171
Full Model 9 1.271 20.542 4.000 0.135 7.389
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from Buka to Bougainville and 0.172 from Bougainville
to Buka, in units of 2Nem (Table 3).
Discussion
Although species are the most basic unit of biological
classification and as such are fundamental to all biologi-
cal research, there remains much contention over spe-
cies concepts and what criteria should be used in
identifying species. This controversy likely stems at
least in part from the variability and complexity in the
underlying processes that lead to speciation (Coyne &
Orr 2004). The general lineage species concept acknowl-
edges this variation and leverages it to a more general
definition of species as independently evolving popula-
tion lineages, allowing researchers to apply the specific
criterion or criteria most applicable to their system.
While in many systems, species boundaries may be
robustly inferred with less extensive data and analyses
than we present, through combining multiple data sets
and analyses, we are able to validate the speciation of
the Buka and Bougainville populations of Tribolonotus
pseudoponceleti under a variety of criteria and thus pro-
vide a far more comprehensive assessment of the status
of these populations. Our previous analyses (Austin
et al. 2010) found the samples from Buka and Bougain-
ville to be reciprocally monophyletic on the basis of
2252 bp of mitochondrial and nuclear sequence data (2
mitochondrial and 3 nuclear gene regions), but did not
specifically these populations for morphological differ-
ences, examine the demographic history of these popu-
lations, or specifically test if this divergence is
indicative of speciation between these populations. The
morphological data we present here indicate the pres-
ence of diagnostic morphological characters distinguish-
ing the two populations (body size, number of ventral
scale rows, number of subdigital lamellae). DFAs were
accurate in distinguishing the Buka and Bougainville
populations on the basis of the meristic data, and, to a
lesser extent, on the basis of mensural data, further sup-
porting the morphological diagnosability of the popula-
tions. PCAs based on meristic data also show the two
populations generally form distinct clusters; again to a
lesser extent, the populations largely cluster in principal
components space on the basis of mensural data.
Genetic clustering analyses further support the distinct-
ness of the Buka and Bougainville populations. While
DK peaks at K = 2 for the smaller (but more complete)
data sets, with the two clusters corresponding to T. pon-
celeti and T. pseudoponceleti, both show a slightly lower
secondary peak at K = 3, with the clusters correspond-
ing to T. ponceleti, Buka, and Bougainville. In cases of
hierarchical population structure, DK detects higher lev-
els of clustering first (Evanno et al. 2005); thus, this
likely reflects the hierarchical nature of the data (i.e. the
Buka and Bougainville populations are far more closely
related to each other than either is to T. ponceleti), rather
than evidence for a single T. pseudoponceleti cluster. Fur-
ther, with the data set consisting of loci sequenced in at
least six samples, DK peaks at K = 3. Structurama analy-
ses always resulted in a posterior probability of 1.00 for
K = 3, regardless of the data set used or the prior distri-
bution. Coalescent estimates of the species tree in
SNAPP strongly prefer the three species model over
two species, regardless of the selection of prior on theta
and the completeness of the data set. Finally, demo-
graphic analyses strongly reject a model of no diver-
gence between Buka and Bougainville and suggest that,
while gene flow has likely occurred between these pop-
ulations following divergence, this migration has subse-
quently decreased substantially (oaoi), or ceased
completely (ABC). Further, other scincid lizards with
comparable differences in body size (Plestiodon skiltoni-
anus group) have been shown to be reproductively iso-
lated as a direct result of body size differences
preventing successful copulation (Richmond & Jockusch
2007). While the copulatory posture of Tribolonotus is
unknown, it is plausible a similar mechanism acts as a
partial prezygotic barrier to reproduction between the
two island populations. These data thus corroborate
each other and provide comprehensive evidence that
the Buka and Bougainville populations represent dis-
tinct, evolutionarily independent species. These data
further support the species-level differentiation of these
populations under a variety of other species concepts,
including the genealogical species concept (Baum &
Shaw 1995), the diagnostic or phylogenetic species con-
cept (Cracraft 1989), the phenetic species concept (Sokal
& Crovello 1970), the genotypic or genomic species con-
cept (Mallet 1995, 2001; Bradley & Baker 2001; Baker &
Bradley 2006) and, arguably, the biological species con-
cept (Mayr 1942, 1970). While the description of this
new species of Tribolonotus from Buka Island is beyond
the scope of this study, from a biodiversity and conser-
vation standpoint it is critically important that the new
species be described. Thus, we are currently preparing
an additional manuscript to describe this new species.
This divergence between the Buka and Bougainville
populations is particularly remarkable given their geo-
graphic context. The Buka Passage that separates the
two islands is only approximately 300 m in width, and
the islands were repeatedly merged during Pleistocene
glacial cycles, including as recently as 10 000–
20 000 years ago (Chappel & Shackleton 1986; Mayr &
Diamond 2001). The few studies have examined phy-
logeographic patterns of terrestrial species in the Solo-
mon Archipelago and have found varied levels of
divergence among islands, with some taxa showing
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limited divergence and others showing deep divergence
among islands (Filardi & Smith 2005; Pulvers & Colgan
2007; Smith & Filardi 2007; Hagen et al. 2012). However,
these studies have not included samples from both
Buka and Bougainville and have focused on species that
likely have relatively high dispersal capabilities (e.g.
birds, bats, or large, arboreal lizards). In contrast, Tribol-
onotus are semifossorial, secretive species, rarely found
outside cover material (e.g. decaying logs), and likely
susceptible to desiccation (Greer & Parker 1968; McCoy
2006). Thus, although no estimates of dispersal dis-
tances in Tribolonotus are available, it is reasonable to
expect these species are extremely dispersal limited.
Many species in the Solomon Archipelago are known
from multiple island groups, including islands far more
isolated than Buka and Bougainville, and with no his-
tory of connectivity during Pleistocene glacial cycles
(Mayr & Diamond 2001; McCoy 2006; Menzies 2006).
These results therefore suggest that some such species,
particularly those with limited vagility, may instead
represent complexes of multiple distinct taxa and thus
vastly underestimating biodiversity of the region.
Demographic analyses reveal further details on the
underlying mechanisms responsible for the speciation
between Buka and Bougainville. While ABC pseudo-
observed analyses suggest model selection is difficult,
the two models receiving posterior support were also
identified as best fit models by oaoi analyses, lending
further credibility to this model. This model is also rea-
sonable given the geological history of repeated glacia-
tions, connecting the two islands and likely enabling
moderate levels of gene flow, and interglacial cycles,
isolating the islands and likely limiting or preventing
migration. The divergence between Buka and Bougain-
ville was also estimated to have occurred during the
mid-Pleistocene (669 kya, 837 kya or 1.32 Mya based on
ABC, oaoi or IMa2 analyses, respectively; Table 3), sup-
porting the hypothesis that early glacial cycles may
have played an important role in driving the divergence
between these populations.
Despite the strong evidence for the inclusion of
migration parameters based on the genomic data, IMa2
analyses of the Sanger data fail to reject the simplest
model of no migration between Buka and Bougainville,
and all tested models received significant support (min-
imum relative model probability = 0.13). However, pre-
vious power analyses using a similar number of loci
and similar demographic parameters found that, for
data simulated under a full isolation with migration
model (i.e. including migration), pure isolation models
could not be rejected in approximately 40% of the repli-
cates (Carstens et al. 2009). Therefore, it is plausible that
the differences in the importance of migration between
the analyses based on Sanger data and those based on
the genomic data may reflect the limited power to
distinguish between pure isolation and isolation with
migration models based on a small number of loci,
rather than differing signals between the data sets.
Parameter estimates were generally similar across
demographic analyses, and no significant differences
were detected between oaoi and ABC analyses of the
genomic data, or between these analyses and the IMa2
analysis of the Sanger data (Fig. 5, Table 3). Confidence
intervals on parameter estimates, however, were gener-
ally much broader in analysis based on the Sanger data
relative to the genomic analyses, particularly for the
divergence time estimates, the population size of T. pon-
celeti and of the ancestral population sizes (Fig. 5,
Table 3). The much greater breadth of the confidence
interval on the population size of T. ponceleti (for which
our sample size was smallest) based on the Sanger data
relative to the genomic analyses is particularly intrigu-
ing and suggests that large numbers of independent
loci may mitigate the limitations of small sample sizes.
Combined, these data further support the results of pre-
vious studies (e.g. (Carling & Brumfield 2007; McCor-
mack et al. 2009; Smith et al. 2014) that suggest that the
number of independent loci is the most important
aspect of sampling strategy for coalescent analyses.
The proposed scenario, as estimated via the demo-
graphic analyses, posits no necessity for ecological
divergence between these species, although it does not
preclude this possibility. Indeed, differences in limb
lengths, digit lengths and body size have all been shown
to correlate with ecological divergence in lizards (Mel-
ville & Swain 2000; Kohlsdorf et al. 2001; Goodman
2007). However, the ecology of Tribolonotus is poorly
known, and beyond the morphological differences
described here, no data are available to test whether eco-
logical divergence may accompany the speciation of the
Buka and Bougainville populations. More detailed stud-
ies aimed specifically at examining the ecology of these
species are necessary to assess whether the divergence
between Buka and Bougainville occurred solely as a
result of allopatric divergence, or whether ecological
divergence plays an important role along with allopatry
in driving and maintaining speciation in this group.
The shallow divergence between the Bougainville and
Buka populations illustrates the power of NGS data to
elucidate evolutionary processes in recently diverged
species groups. In spite of this power, it is through
combining this genomic data with morphological data
that we are able to assess the validity of the Buka and
Bougainville populations under a variety of species con-
cepts and thus provide robust evidence of the status of
these populations as distinct species. While many sys-
tems do not require a genomic data set of the scale col-
lected in this study for the accurate and robust
© 2014 John Wiley & Sons Ltd
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validation of putative species, this study provides a
framework for how next-generation sequencing data
can be combined with morphological data and lever-
aged for species validation, and how further analyses of
genomic data can facilitate elucidating more detailed
demographic processes associated with speciation.
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ation. (E) Plot of DK for dataset of loci sequenced in at least six
individuals. F. Plot of ln Pr(D|K) for dataset of loci sequenced
in at least six individuals. Blue circles indicate the mean value
for each K, and grey lines show the standard deviation.
Fig. S4 Density plots of the posterior distributions of all
parameters from the ABC analyses.
Table S1 Appendix. Specimens included in molecular analyses,
and in morphological analyses. The holotype of Tribolonotus
pseudoponceleti (collected in Kunua, Bougainville Island) is
shown in bold.
Table S2 Sequences of adapters and primers used in next-gen-
eration library preparation.
Table S3 Genbank accession numbers for the previously col-
lected Sanger sequence data used in IMa2 analyses.
Table S4 Estimated divergence times (in coalescent units) and
thetas from SNAPP analyses under different priors on theta for
each dataset of varying completeness.
Table S5 Uncalibrated demographic parameter estimates and
95% HPD intervals (ABC, IMa2) or 95% confidence intervals
(oaoi) from ABC and oaoi analyses of NGS data and IMa2
analysis of Sanger data.
Table S6 Accuracy of approximate Bayesian computation
model prediction, based on performing rejection steps on 100
randomly selected suites of summary statistics under each of
the models.
Table S7 Accuracy of parameter estimation from approximate
Bayesian computation, based on performing rejection steps on
100 simulated suites of summary statistics.
© 2014 John Wiley & Sons Ltd
NGS AND MORPHOLOGY REVEAL SPECIATION 483
